I. INTRODUCTION
The Schottky barrier height ͑SBH͒ of most metal/ Si͑100͒ contacts depends on the interface state density rather than on the work function of the metal because of the pinning of the Fermi-level. Each Si͑100͒ surface atom has two dangling bonds and forms a dimer bond with its neighboring surface atom. These dangling bonds are the main source for the interface states of the metal/Si͑100͒ contact. It has been reported that valence mending adsorbates, such as sulfur ͑S͒ and selenium ͑Se͒ of the group-VI elements, can eliminate dangling bonds at metal/semiconductor interfaces.
1,2 Because S and Se have comparable bond lengths and bond angles to Si, and most importantly, they show divalence, one S or Se atom fits between two Si͑100͒ surface atoms, eliminating the surface dangling bonds and relaxing the dimer bonds. Lacharme et al. 2 reported that surface states on Si can be removed by S exposure at room temperature. Tao et al. [3] [4] [5] have used a monolayer of Se by deposition to eliminate the surface states on the Si͑001͒ surface. Pure metals, such as Mg, Al, Cr, and Ti, on Se-passivated n-Si͑001͒ showed very low or even negative SBHs. [3] [4] [5] Recently, we developed a method by using S + ion implantation and silicidation induced S segregation to tune the SBH of NiSi on Si͑100͒.
6,7 S + ions are implanted into the Si͑100͒ substrate prior to Ni deposition. The following silicidation at temperatures around 500°C consumes the whole S + -implanted area of Si, and leads to the segregation of S at the NiSi/Si͑100͒ interface due to the snowplow effect. The concentration of the segregated S at the NiSi/Si interface increases with the S + implant dose. As a result, the SBH of NiSi decreases gradually on n-Si͑100͒ and increases correspondingly on p-Si͑100͒ with the increasing dose of the implanted S. An SBH value of 0.07 eV for NiSi on n-Si͑100͒ was obtained, which is much smaller than the conventional SBH value of NiSi ͑0.65 eV for electrons͒. 6 By lowering the SBH with S segregation at the silicide source/drain to the channel interfaces, the performance of the Schottky barrier transistor can be improved with higher driving on-currents and lower off-currents. 7 However, the mechanism of the SBH tuning by S segregation is not clear. Study of the S diffusion in Si͑100͒ after annealing and silicidation will be helpful to understand the mechanism. On the other hand, when only a part of the S-implanted region is consumed during silicidation, the segregation and diffusion of the implanted S have not been investigated. A few papers have been published on the medium-energy S implantation into Si. 8, 9 Wilson 8 measured the S distribution in Si after implantation and annealing at energies ranging from 40 to 300 keV, but no information was given on the evolution of the defects. In this paper, the damage created by the S + ion implantation, the S distributions after annealing and silicidation, as well as the electrical properties of the S-implanted Si are investigated.
II. EXPERIMENTS
n-type Si͑100͒ with a resistivity of 2.5− 8.5 ⍀ cm was implanted with S + at an energy of 50 keV to a dose of 1 ϫ 10 14 and 5 ϫ 10 14 S + /cm 2 at an incidence angle of 7°, respectively. Then rapid thermal annealing ͑RTA͒ was performed at temperatures ranging from 600 to 950°C to study the diffusion of S in Si͑100͒. In order to study the effect of the silicidation on the S distribution, a 36-nm-thick Ni layer was deposited on the S + as-implanted sample after a standard clean and an HF dip to remove the native oxide. The thick-ness of the Ni layer was adjusted such that a NiSi layer was formed with its interface to the silicon located close to the mean projected range ͑R p ͒ of the 50 keV S + implantation. The NiSi layer was formed by RTA at 550°C for 30 s in forming gas ͑90% N 2 +10% H 2 ͒ and followed by a selective etching process to remove the unreacted metal. Depth distributions of S were measured by time-of-flight secondary ion mass spectrometry ͑ToF-SIMS͒ using 1 keV Cs + ions for sputtering and 25 keV Bi + for the analysis. The mass resolution is sufficient for spectral separation of 32 S from 16 O 2 . The morphology and composition of the silicide layer and the S implantation induced damage were investigated by Rutherford backscattering spectrometry ͑RBS͒/channeling and cross-sectional transmission electron microscopy ͑XTEM͒. Figure 1 shows the RBS/channeling spectra of Si͑100͒ implanted with 50 keV S + ions to a dose of 1 ϫ 10 14 and 5 ϫ 10 14 S/cm 2 , respectively. The random and the channeling spectra of the single-crystalline Si͑100͒ are also shown in Fig. 1 for reference. The channeling measurements indicate a damage peak near the surface after the 1 ϫ 10 14 S + /cm 2 implant, while the high dose of 5 ϫ 10 14 S + /cm 2 implantation introduced an amorphous layer with a thickness of ϳ100 nm below the Si͑100͒ surface. Figure 2 shows the XTEM image of the sample implanted with a dose of 5 ϫ 10 14 S + /cm 2 . The inset in Fig. 2 exhibits the diffraction pattern of the sample, showing an amorphous layer at the surface. The amorphous layer is clear to see in the XTEM image with a thickness of ϳ100 nm, in agreement with the RBS/ channeling measurements. Figure 3 shows the SIMS profiles of S in Si implanted with a dose of 1 ϫ 10 14 S + /cm 2 . The peak of the S distribution in the as-implanted sample is found at a depth of ϳ62 nm, in good agreement with TRIM simulations. 10 Annealing at 650°C changes the S distribution only marginally. Strong diffusion of the S sets in at temperatures above 750°C. With increasing temperature, S segregates to the surface and the peak at implant depth decreases strongly. We assume that S forms complexes with residual defects, resulting in an effectively increased solubility in the damaged region. Annealing at higher temperatures reduces further the S peak due to the fact that defects are eliminated continuously. After annealing at 950°C, the peak disappears and S segregates at the surface because of the complete removal of the defects and the low solubility of S in the single-crystalline silicon ͑Ͻ10 15 cm −3 ͒. 8 Both RBS/channeling and XTEM investigations showed no defects in the substrate after annealing at Ն900°C ͑not shown͒. Figure 4 shows the SIMS profiles measured after implantation of 50 keV, 5 ϫ 10 14 S + /cm 2 , which induced an amorphous layer in Si with a thickness of about 100 nm. In contrast to the lower dose case of Fig. 3 , the profile measured after a 650°C, 1 min anneal indicates substantial redistribution. It is remarkable that S diffused from crystalline Si toward the amorphized layer. The SIMS spectra show two accumulation regions: one is located just before the implantation peak, and the other is at the original amorphous-to-crystalline Si interface. The first S peak be- comes broader and lower at higher temperatures by diffusion of S to the Si surface. The second peak decreases rapidly with increasing annealing temperature and vanishes after 950°C anneal. These results differ from the results for higher-energy implantations ͑300 keV͒ by Wilson, 8 in which the first peak almost maintains its shape for annealing temperatures ranging from 600 to 950°C. Obviously, the shallower implant favors S diffusion to the surface. Furthermore, XTEM investigations revealed that the S depth distribution is defect-related. When an amorphous layer is formed by S implantation, the defects are very difficult to anneal even at temperatures as high as 950°C. Figure 5 shows an XTEM image of the high dose ͑5 ϫ 10 14 S/cm 2 ͒ S-implanted Si͑100͒ after RTA at 900°C. Two distinct heavily damaged regions, corresponding perfectly to the two S peaks in Fig. 4 , are clearly visible. The combination of the SIMS and the TEM results suggests that S is trapped at dislocation loops. Annealing studies revealed that these S-defect complexes are stable up to high temperatures. Due to the high S concentration in these damaged regions, S 2 pairs may be formed, which further increase the thermal stability of these S-damage complexes. 11 Electronically, S atoms behave as double donors in Si with the shallowest level at about 0.18 eV below the conduction band. 12 In our study, the sheet resistance of the S-implanted Si, as displayed in Fig. 6 , is independent of the annealing temperature, indicating that the implanted S atoms are very difficult to activate electrically. Besides the deep level of S in Si, the electrical activation of the implanted S is further hindered by the formation of complexes among S themselves and with defects.
III. REDISTRIBUTION OF S ATOMS IN SI"100… AFTER ANNEALING

IV. REDISTRIBUTION OF S AFTER SILICIDATION
In order to tune the SBH of NiSi/Si͑100͒, we established a process in which the S-implanted area was completely consumed after silicidation. 6 In contrast, here we deposited a much thinner Ni layer, namely 36 nm after the 50 keV S + ion implantation into Si͑100͒. As mentioned above, this results in an implanted region with a depth of about 100 nm. Considering the Si/Ni ratio of 1.83 for the formation of NiSi, the 36 nm Ni layer consumes ϳ66 nm Si to form NiSi. As a result, the NiSi/Si interface is close to the maximum of the S implantation peak. Figure 7 shows XTEM images of NiSi layers formed on S-implanted Si͑100͒ with a dose of ͑a͒ 1 ϫ 10 14 S/cm 2 and ͑b͒ 5 ϫ 10 14 S/cm 2 , respectively. Both NiSi layers have almost the same thickness of ϳ82 nm. The sheet resistance of the NiSi layers was measured to be 1.76 ⍀ / sq. Compared with the TEM image shown in Fig. 5 , we can see that the heavily damaged region at the depth of 100 nm ͑end of range͒ for the higher dose implantation after RTA, corresponding to a depth of ϳ30 nm under the NiSi layer in Fig. 7͑b͒ , disappeared. During silicidation, interstitials or vacancies are injected into the silicon substrate depending on the diffusion species. The diffusion of metal into Si introduces interstitials, while the diffusion of Si to the metal injects vacancies in Si. The moving species during NiSi formation are Ni atoms, and interstitial injection into the Si substrate is expected. But our results prove further that the elimination of the end-of-range ͑EOR͒ defects after silicidation is not due to the point defects injection during silicidation, agreeing with the results reported for CoSi 2 and TiSi 2 . [13] [14] [15] The annihilation of EOR extended defects is attributed to either the NiSi/Si interface acting as a sink for interstitials or as a source of vacancies. Vacancy injection and/or interstitial absorption by the silicide film continues long after the silicide chemical reaction is complete. 14 The S distributions after silicidation were also measured by SIMS, shown in Fig. 8 . The pronounced peak at the NiSi/Si interface, indicated by a vertical line, shows that S segregated at the NiSi/Si interface. Compared with the S depth profiles in S-implanted Si after annealing at 650°C ͑Figs. 3 and 4͒, silicidation at 550°C leads to a much stronger S redistribution on spite of the lower temperature. Due to the consumption of the S-doped Si layer during silicidation and the low solubility of S in the silicide layer, S atoms are pushed ahead by the progressing silicide/Si interface, resulting in a pileup of S at the NiSi/Si interface. The elimination of the EOR defects enhances the diffusion of the S atoms in the deeper region by reducing the S-defect complexes, leading to a further accumulation of S atoms at the NiSi/Si interface and less S content in the deeper region. The segregation of S atoms at the NiSi/Si interface leads to a change of the SBH as reported in our previous paper. 6 Considering the poor activation and the low solubility of the S in Si, we assume that the change of the SBH by S segregation is attributed to the formation of the interface dipole by the high concentration of S at the NiSi/Si interface.
The pileup of S at the NiSi/Si interface is generally also called the "snowplow" effect. The pileup of dopants, such as As and B, has been found during silicidation of As-or B-doped Si, and has been used to modify the work function of the full silicide gates or the effective SBH of silicides, e.g., CoSi 2 and NiSi. [16] [17] [18] [19] The mechanism of the snowplow effect is still unclear. Several factors influence the snowplow effect during silicidation. The main ones are the diffusivities of the impurity in silicide and silicon; the solid solubility of the impurity in both silicide and silicon; the segregation coefficient at the silicide/Si interface; and the out-diffusion of the impurity. The moving species during metal-Si reaction could also play a role. In our case, Ni atoms diffuse to the silicide/Si interface and react with Si to form NiSi. Because S atoms easily form complexes with other impurities, e.g., Fe and Co, 20, 21 S-Ni complexes could also form during silicidation, resulting in the enhancement of S diffusion from the deeper region in Si to the progressing NiSi/Si interface.
V. SUMMARY
Redistribution of S and the evolution of defects were investigated in S-implanted Si͑100͒ after RTA and Ni silicidation. For a low dose, S atoms diffuse toward the surface of Si͑100͒ when defects anneal during heat treatment. At higher dose implants when an amorphous layer in Si͑100͒ is formed, two distinct heavily damaged regions with dislocation loops in Si appear after higher-temperature annealing. We assume that S is trapped at defect clusters, which survive even during high-temperature anneals. A completely different picture evolves when Ni silicidation is performed, although only part of the implanted region is consumed by the silicide. Pronounced S redistribution and segregation to the NiSi/Si͑100͒ interface occurs even at temperatures as low as 550°C. Concomitantly, defects below the NiSi layer anneal and the S concentration decreases rapidly. 
